Abstract Cost-effective, fibrinolytic agents possessing least or no antigenic properties are much in demand for their prospective use as clot busters in thrombolytic therapy. The present communication explores the potential of 22 endophytic Botryosphaeria species isolated from stem of Aegle marmelos for their fibrinolytic potential. Only nine fungal isolates exhibited proteolytic activity out of which only four possessed plasminogen-independent fibrinolytic activity. The endophytic fungal isolate #1088 AMSTITYEL showed maximum in vitro proteolytic and fibrinolytic activity with a halo formation of 153.86 and 113.04 mm 2 , respectively. The partially purified protein exhibited a fibrinolytic activity equivalent to 6.51 U/ml of plasmin. SDS-PAGE of the dialysed fraction of #1088 AMSTITYEL resolved into six bands ranging from 26 to 80 kDa. Fibrin zymogram exhibited that a single band of molecular size *80 KDa possessing the fibrinolytic activity. Furthermore, the bioactive isolate #1088 AMSTITYEL was identified as Lasiodiplodia pseudotheobromae using classical and molecular taxonomic tools.
Introduction
Blood clots are formed as a preventive response of the human body to avoid excessive bleeding at the site of injuries and wounds (Raafat et al. 2012 ). Fibrin is the major protein involved in blood clot formation, which is formed from its precursor fibrinogen by the enzymatic action of thrombin (EC 3.2.21.5) and is further lysed by plasmin (EC 3.4.21.7) (Kim et al. 1996) . Under normal condition, blood clot formation and its dissolution are meticulously regulated by the biological system; however, impairment in this doctrine mechanism leads to thrombosis where the insoluble blood clots do not get hydrolysed and adhere to the wall of the blood vessels ultimately resulting in cardiovascular disorders (CVDs), such as myocardial infarction, high blood pressure, ischemic heart disease, stroke, and so on (Simkhada et al. 2010 ). These CVDs toll over 18 million lives annually and are expected to rise to 23.6 million by 2030 (Mander et al. 2011) . The current armamentarium of drugs involved in thrombolytic therapy involves intravenous administration of streptokinase and urokinase, which instantly opens up the blood flow caused due to fibrin blockage, thus reducing the chances of morbidity and mortality (Raafat et al. 2012; Kim et al. 1996) . Based on their mechanism of action, thrombolytic drugs are divided in two types: the former is plasminogen activators and urokinase, which converts dormant plasminogen into active plasmin that hydrolyses the fibrin clot and the latter one is plasmin-like proteins that directly hydrolyse the blood clots (Simkhada et al. 2010) . Despite their widespread use, these drugs suffer certain shortcomings, such as low specificity to fibrin, internal bleeding, short half-life and cost effectiveness (Wu et al. 2009b) . Therefore, there has been a continual search for safer and cost-effective fibrinolytic agent from diverse sources. To date, fibrinolytic agents have been isolated and characterised from different sources, including plants, animals, microbes and fermented foods (Deng et al. 2010; Choi et al. 2011) . Microbes are considers as a lucrative source of fibrinolytic agents due to their diverse biochemical nature, feasibility of mass culture and ease in genetic manipulation. Hence, over the last two decades, fibrinolytic enzymes have been successfully discovered from microbial sources, such as bacteria, actinomycetes and fungi (Peng et al. 2005; Wu et al. 2009b; Mander et al. 2011) .
Endophytic fungi are special group of microorganisms residing within the plants, which play an important role in defending the host plant against stresses, such as pathogenic invasions and drought. The genetic recombination of the endophytes with the host plant enables them to mimic the biological properties of their host and produce analogous bioactive metabolites. Production of an anticancer compound 'taxol' in the culture broth of Taxomyces andrenae isolated from Taxus baccata is the best example of it (Daisy and Strobel 2003; Zhang et al. 2006) . Exploration of enzymatic properties of these endophytic fungi is a novel and largely under-explored aspect, and there exist scanty literature on screening and isolation of novel fibrinolytic enzymes from these microorganisms. Endophytic fungi, such as Verticillum sp., Fusarium sp. and Bionectria sp., are amongst few reported to possess in vitro fibrinolytic activity (Li et al. 2007; Wu et al. 2009a; Rovati et al. 2010) .
In this study, we undertook an in vitro screening program to assess the fibrinolytic potential of 22 endophytic fungal isolates of Botryosphaeria species isolated from the Western Ghats in India. This study is also the very first report of an endophytic Botryrosphaeria species exhibiting fibrinolytic activity. Fungal fibrinolytic enzymes may be exploited as a substitute to streptokinase, which is of bacterial origin and currently being exploited as a thrombolytic agent by the pharmaceutical Industry.
Materials and methods
Plant sample collection and isolation of the endophytic fungi Healthy twigs of medicinal plant Aegle marmelos (Bael, golden apple) belonging to family Rutaceae were collected from the conserved rain forest area of Western Ghats, geographically located between 11°59 0 and 11°99 0 N, 77°8 0 and 77°14 0 E (Yelandur, BRT wildlife sanctuary, Karnataka) and 11°35 0 -11°51 0 N, 76°14 02 0 -76°27 0 E (Muthanga Wildlife Sanctuary, Wayanad, Kerala) during rainy season of 2009. The endophytes from the twigs were isolated by previously described method (Schulz et al. 1993) . Briefly, the twigs (5 cm) were surface sterilized with sequential washing with 2 % sodium hypochlorite for 3-5 min followed by 70 % ethanol for 2 min and then with 30 % ethanol for 1 min. The surface sterilized samples were then cut into 1-to-2-mm segments with the help of sterile blade and placed over water agar plates under aseptic conditions. These were then incubated at 26°C for 10 days. The efficiency of surface sterilization was confirmed by imprinting the surface sterilised plant part over the PDA plate. The absence of fungal growth on the respective medium portion confirmed the efficacy of surface sterilization. Maximum of eight segments was inoculated each plate. The fungus emerging out of the host tissue was aseptically subcultured to fresh PDA plate, so as to obtain pure isolates. These pure isolates were further preserved on PDA slants supplemented with 10 % glycerol (Naik et al. 2008; Zhang et al. 2010) . The colonisation frequency (% CF) of endophytic fungi was calculated using the formula % CF = (N col /N t ) 9 100, where, N col = number of segments colonised by each fungus and N t = total number of segments inoculated (Gond et al. 2007) . Isolation was performed in duplicate for samples collected from each location. The endophytic fungal isolates were encoded based on the host plant, its part and the place from where it was collected, e.g. #6 AMSTYEL, where #6 refers to segment number; AM stands for Aegle marmelos; ST refers to stem, YEL signifies to Yelandur, Karnataka (sample collection site). Furthermore, #6 AMSTYEL belong to the first phase of isolation, whereas #1088 AMSTITYEL denotes to the second phase of isolation (10 refers to the second set of isolation, whereas 88 refers to the segment number). Similarly, #20 AMSTWLS refers to 20th segment from stem tissue of Aegle marmelos collected from Wayanad, Kerala.
Preparation of cell-free culture filtrates
Liquid cultures of 22 endophytic fungal isolates were produced to assess the extracellular in vitro fibrinolytic activity. Briefly, the method comprised of an aseptic inoculation of 50-ml presterilised Czapek Dox Broth (HiMedia, India) with 5-mm mycelial disc of 7-day old culture of the endophytic fungus followed by incubation at 26 ± 1°C, 130 rpm for 7 days. After completion of the incubation period, the mycelial mass was separated using Whatmann filter paper, followed by centrifugation at 8000 rpm (Hitachi CF 15 RX II series, Japan) for 10 min at room temperature. The supernatant was then passed through 0.22-lm nitrocellulose membrane (GE Healthcare Life Sciences, USA). These cell-free culture filtrates were further tested for their in vitro proteolytic and fibrinolytic potential by plate assays (Ali and Ibrahim 2008) .
In vitro proteolytic and fibrinolytic assays
The cell-free culture filtrates were tested for their proteolytic and fibrinolytic activity by plate assays (Ali and Ibrahim 2008) . The production of a proteolytic and fibrinolytic enzyme was indicated by formation of a halo around the well where the test sample was dispensed.
In vitro proteolytic activity
Briefly, in vitro proteolytic activity was performed on agar plates comprising of 1 % skimmed milk (HiMedia, India) dissolved in 50 mM Tris-HCl buffer as substrate together with 1 % agar (w/v). After solidification, 5-mm wells were scooped, and 30 ll of cell-free culture filtrate was dispensed on agar plate and incubated at 37°C for 18-24 h. No culture filtrate was added in the control well. After incubation period, proteolytic activity was evaluated by measuring halo diameters. For screening purposes, proteolytic activity was expressed as the clear zone area (in mm 2 ) (Rovati et al. 2010 ).
In vitro fibrinolytic activity
Fibrinolytic activity was determined following a modified procedure described by Astrup and Mullertz on plasminogen rich and plasminogen free plates (Astrup and Mullertz 1952) . Briefly, plasminogen free plates were prepared by mixing 5 ml of 0.5 % w/v fibrinogen (Calbiochem, Darmstadt, Germany) in 50-mM Tris-HCl buffer (pH 7.8) with 1 % agarose and 100 ll of thrombin (100 NIH U/ml, Sigma Aldrich, USA). Plates were allowed to stand for 30 min at room temperature to form fibrin clot. Plasminogen rich plates were supplemented with 5 U of plasminogen (Sigma Aldrich, USA). Thereafter, 30 ll of the cell-free extract was dispensed into 5-mm wells. Plates were incubated at 37°C for 24 h. The control wells were devoid of culture filtrate. Clear transparent zone suggested fibrin degradation, and the potency of fibrin degradation is proportional to its diameter. After measuring the dimension of the clear zone, the number of units was determined according against a calibration curve of plasmin (from human plasma, Calbiochem, Darmstadt, Germany, Supplementary material 1). Average diameter was computed by diagonally measuring the clear zone around the well (Rovati et al. 2010; Choi et al. 2013) . All the tests were performed in triplicate, and their mean and SD was calculated.
Partial purification and characterisation
Based on the screening results, the endophytic isolate exhibiting highest fibrinolytic activity was selected for further studies. Solid ammonium sulphate (HiMedia, India) was slowly added to the culture broth (#1088 AMSTI-TYEL) to achieve 70 % saturation. The mixture was then incubated overnight at 4°C, and the next day protein precipitate was collected by centrifugation at 13,000 rpm (Hitachi CF 15 RX II series, Japan) for 15 min at 4°C. The precipitate was dissolved in minimum volume of 50-mM Tris-HCl buffer (pH 7.8). The crude enzyme was further dialysed against the same buffer overnight, and the dialysed fraction was recovered after centrifugation at 13,000 rpm for 15 min at 4°C (Li et al. 2011) . The fractions obtained after each step was tested for fibrinolytic activity via fibrin plate assay as described previously, while the protein content was determined by Bradford's method using bovine serum albumin (HiMedia, India) as standard and measuring the absorbance at 595 nm (Bradford 1976 ). The crude enzyme extract was subjected to sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) (Laemmli 1970) . The molecular mass of the denatured enzyme was estimated using a standard broad range protein weight marker (Merck, Millipore, USA). The resolved proteins were detected in the gel by modified silver staining method (Blum et al. 1987) . Fibrin zymography was performed according to the method of Kim et al. (1998) . Resolving gel solution (12 %) contained 0.12 % (w/v) fibrinogen prepared in a total volume of 10 ml and centrifuged to remove insoluble impurities which were induced when SDS stock solution was mixed. Thrombin solution (1 U/ml) and TEMED (N, N, N 0 , N 0 -tetramethylethylenediamine) were added to the gel solution in final concentrations of 0.1 U/ml and 0.028 % (v/v), respectively. The enzyme was electrophoresed on a fibrin gel. The gel was then washed in 2.5 % Triton X-100 solution, incubated in zymogram reaction buffer [30 mM Tris (pH 7.4)] containing 200-mM NaCl, 10-mM CaCl 2 , and 0.02 % NaN 3 at 37°C overnight, stained with Coomassie Brilliant Blue R-250 (SRL, India) and, subsequently, destained. The cleared white area against the blue gel represents fibrin degradation.
Taxonomic studies
Taxonomic identification of the selected endophytic fungal isolate exhibiting highest fibrinolytic activity was done using morphotaxonomic and molecular taxonomy.
Molecular taxonomy
For genomic DNA extraction, about 0.1-0.2 g of cultured mycelia was scrapped off from 3-to-4-day old culture with sterile inoculation loop and crushed to very fine powder in pestle and mortar using liquid nitrogen. Furthermore, DNA extraction was done by using Wizard Ò Genomic DNA purification kit (Promega,USA) following manufacturer instructions. Furthermore, the internal transcribed spacer (ITS) region 1, 5.8S, 2 was amplified using ITS 1 and ITS 4 primers (White et al. 1990) . A 25-ll reaction mixture consists of 1 ll of extracted genomic DNA, 10 lM of each primer, 2.5 mM of dNTP, 1.5 U of Taq DNA polymerase in 10 X Taq buffer containing 25-mM MgCl 2 (GeNei, Bangalore, India). The thermal cycling conditions consisted of initial denaturation at 96°C for 5 min followed by 39 cycles of 95°C for 45 s, 60°C for 45 s, 72°C for 45 s followed by final extension at 72°C for 5 min (White et al. 1990 ). The ITS amplicons were examined using a 1.5 % agarose gel under UV light in Bio-Rad Gel documentation system using Quantity-1-D analysis software. The PCR products were purified with Wizard Ò SV gel and PCR clean up system (Promega, USA) following manufacturer's protocol. PCR products (500-600 bp) were sequenced from Chromus Biotech Labs (Bangalore, India). The final sequence was obtained by assembling the chromatograms using Sequencher ver. 5 (www.genecodes.com). The final sequence was submitted in GenBank under the accession number KJ 756377.
Sequence similarity search of ITS sequences of #1088 AMSTITYEL was performed using BLAST algorithm software (parameters for BLAST search: searched database: others (Nucleotide collection), BLAST algorithmsomewhat similar sequences (blastn), filter used-low complexity regions) at NCBI website. The ITS sequences were aligned with retrieved sequences of reference taxa obtained from BLAST using Clustal W option in MEGA 5. The alignment file involved 11 sequences, which comprised of 1 sequence under study, 9 sequences from BLAST search, which are representative sequences of respective genera/species and one Mycosphaerella africana species which served as an outgroup to root the tree. The aligned sequences were trimmed, so as to make alignment uniform, and the aligned files were then saved in FASTA and MEGA format. The evolutionary history was inferred using the maximum likelihood method based on BIONJ method with MCL distance matrix in MEGA5. A discrete gamma distribution was used to model evolutionary rate differences among sites [five categories (?G, parameter = 0.6046)]. All positions containing gaps and missing data were eliminated (Nei and Kumar 2000; Tamura et al. 2011) .
Morphotaxonomy
Morphotaxonomy of the endophytic isolate #1088 AMSTITYEL was done by growing it over PLA (Pine Leaf Agar) and incubated at 26°C for 3-4 weeks in dark. The morphological and microscopic characters were critically observed and recorded. The microscopic characters were studied using a Nikon Eclipse 50i microscope (Nikon, Japan) coupled with CCD camera and measurements carried out using NIS elements D3.2 software. At least 30 observations were made per structure (Abdollahzadeh et al. 2010) .
Results and discussion

Isolation of endophytic fungi
Aegle marmelos is an important medicinal plant as documented in ayurvedic pharmacopeia for variety of therapeutic properties, such as anti-inflammatory, anti-diabetic, hepatoprotective, and so on. It has recently been documented to possess anti-thrombotic activity too (Chougule et al. 2014) . Based on the hypothesis that endophytes produce putative phytochemicals similar to their host, we chose to screen and evaluate the fibrinolytic activity of endophytic fungi from A. marmelos. In this study, 48 endophytic fungal isolates were isolated from the stem tissue of A. marmelos. They belong to different genera, including Alternaria sp., Aureobasidium sp., Botryosphaeria sp., Fusarium sp., Pestalotiopsis sp., and Pheoacremonium sp., and certain endophytic fungi, such as Neofusicoccum parvum and Togninia sp., were isolated in their teleomorphic form. Botryosphaeria (CF: 27.5 %) was the most dominant genus followed by Fusarium (CF: 21.25 %), Pestalotiopsis sp. (CF: 5 %) and Pheoacremonium sp. (CF: 3.75 %). Botryosphaeria sp. and Pestalotiopsis sp. were isolated from both the sampling sites, whereas Fusarium and Aureobasidium sp. were isolated only from Yelandur. Similarly, Pheoacremonium sp. and Alternaria sp. were only isolated from Wayanad wildlife sanctuary. This study was aimed at exploring the fibrinolytic activities of endophytic fungi particularly Botryosphaeria species isolated from A. marmelos. Several endophytes, such as Fusarium sp., Alternaria sp., Rhizoctonia sp., and Curvularia sp., have been reported from A. marmelos. Fusarium sp. was the most dominant endophytic fungal isolate followed by Alternaria sp. (Gond et al. 2007; Meshram et al. 2012) . However, this is the first study of the presence and diversity of Botryosphaeria sp. as endophyte in A. marmelos.
Screening for proteolytic and fibrinolytic activities
As evident from the screening procedure, cell-free culture filtrate of 40 % of the endophytic fungi exhibited proteolytic activity, while only 18 % of them exhibited fibrinolytic activity. Proteolytic and fibrinolytic activity of the cell-free culture filtrate was evident by formation of a clear zone or halo around the well there by depicting the degradation of respective substrate. Maximum proteolytic activity was shown by culture filtrate of fungal isolate #1088 AMSTITYEL followed by #11 AMSTYEL and # 1095 AMSTWLS (Fig. 1) . The cell-free culture filtrate of only four endophytic fungi exhibited in vitro extracellular fibrinolytic activity. The maximum fibrinolytic activity was expressed by isolate #1088 AMSTITYEL with a fibrinolytic halo of 113.04 mm 2 . The fibrinolytic halo formation in the in vitro plate assay ranged between 50.24 and 113.04 mm 2 (Table 1 ; Fig. 2 ). The cell-free culture filtrate exerted direct as well as indirect hydrolysis of fibrin clot. The zone of clearance was similar in both plasminogen rich and plasminogen free plates indicating that the enzyme activity does not work as tissue plasminogen activator (t-PA). Fungal fibrinolytic enzymes, such as CMase, Fu-P and verticase, are not a plasminogen activator, whereas herinase is a bifunctional enzyme (Li et al. 2007; Cui et al. 2008; Wu et al. 2009b; Choi et al. 2013 fibrinolytic property. Verticillium sp. Tj33 was the most potential producer of fibrinolytic enzyme amongst the screened endophytes. Similarly, among 1075 screened endophytic fungi, fermentation extract of Fusarium sp. CPCC 480097 exhibited the strongest fibrinolytic activity (Wu et al. 2009b ).
Partial purification and characterisation of fibrinolytic enzyme Ammonium sulphate precipitation followed by dialysis, SDS-PAGE and fibrin zymography was used to assess the fibrinolytic potential of the extracellular proteins expressed by the endophytic fungal isolate #1088 AMSTITYEL. The amount of protein present in cell-free culture filtrate was 1804.17 mg. The specific fibrinolytic activity exhibited was 1.77 U/mg. The crude protein obtained after ammonium precipitation was 18.54 mg exhibiting 2.79 U/mg of specific fibrinolytic activity. Subsequent dialysis of crude protein leads to further purification of the protein fraction. Protein obtained after dialysis was 13.82 mg exhibiting a specific 3.56 U/ml of fibrinolytic activity. The protein from each purification step was when subjected for fibrinolytic activity; an increase in halo formation was observed ( Table 2 ). The fibrinolytic activity of the partially purified protein increases with each purification step. In addition, a twofold increment was observed in fibrinolytic activity of an enzyme. Similar increase in the activity was observed in Fu-P, herinase, verticase, and CMase fibrinolytic enzyme (Li et al. 2007; Cui et al. 2008; Wu et al. 2009b; Choi et al. 2013 ).
The crude protein of #1088 AMSTITYEL resolved into six bands of various sizes that ranged from 26 to 80 kDa. According to fibrin zymography, single protein band was responsible for the fibrinolytic activity exhibited by the crude enzyme extract. When the fibrin zymogram was developed, the fibrin degradation was attributable to a protein of molecular weight *80 KDa (Fig. 3) . The molecular weight of the microbial fibrinolytic enzyme varies from 17 to 51 kDa (Peng et al. 2005; Wu et al. 2009b ), but the fibrinolytic activity of #1088 AMSTITYEL is attributed to 80-kDa protein, which depicts the novelty of the protein that has yet not been explored.
Taxonomic identification
Endophytic fungal isolate #1088 AMSTITYEL was identified using molecular and morphotaxonomic tools.
Molecular taxonomy
The phylogenetic tree resolved into two major clades: Clade I and Clade II. Clade I clustered #1088 AMSTI-TYEL along with five other species of Lasiodiplodia pseudotheobromae. In Clade II, three species of L. theobromae were grouped, and L. gonubiensis was resolved basal to the tree. Mycospherella Africana was used as outgroup to root the tree (Fig. 4) . Thus, the fibrinolytic The units of activity are calculated on the basis of the plasmin standard * The activity was determined by the fibrin plate assay as described in ''Materials and methods'' enzyme producing isolate #1088 AMSTITYEL was identified as Lasiodiplodia pseudotheobromae. Other fibrinolytic enzyme producing fungi, such as Fusarium sp. BLB and Fusarium sp. CPCC 480097, were also identified using similar approach (Ueda et al. 2007; Wu et al. 2009a ).
Morphotaxonomy
Colonies floccose: grey-to-green coloured, fast growing colony with the formation of aerial hyphae. Hypha (2.66-)
3.83 ± 0.79 (-4.97 
Concluding remarks
Thus, this study proves that endophytic fungus Lasiodiplodia pseudotheobromae # 1088 AMSTITYEL isolated from A. marmelos possesses potential in vitro fibrinolytic potential. Further studies are warranted on purification, characterisation and mass production of 
